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EXPERIMENTAL AND ANALYTICAL STRAINS I N  AN EDGE-CRACKED StlEET 

IX 

Abst rac t  

The n a t u r e  and some d e t a i l s  o f  t h e  e l a s t o - p l a s t i c  
s t r a i n  d i s t r i b u t i o n  ahead of  t h e  crack t i p  i n  an edge- 
cracked s h e e t  has  been determined by experiment and 
a n a l y s i s .  
and moire techniques.  
p lane  stress model us ing  t h e  f i n i t e  element method; 
t h e  measured u n i a x i a l  stress-strain p r o p e r t i e s  of  t h e  
materials are used as inpu t  t o  t h e  ana lys i s .  
i n v e s t i g a t e d  by one o r  both methods are 1018 s teel ,  
copper, 90-10 and 70-30 b ras s ,  and 6061-T6 aluminum. 
O f  t h e s e  materials, meaningful comparisons between 
experiment and a n a l y s i s  have been made f o r  t hose  with 
no d i s c o n t i n u i t y  i n  u n i a x i a l  behavior ;  copper, 90-10 
b ras s ,  and aluminum. The agreement between experiment 
and a n a l y s i s  can be s i g n i f i c a n t l y  a f f e c t e d  by how w e l l  
t h e  e a r l y ,  u n i a x i a l ,  y i e l d  p r o p e r t i e s  used i n  t h e  
a n a l y s i s  r ep resen t  t h e  a c t u a l  p r o p e r t i e s  o f  t h e  exper i -  
mental specimens. 

The experiment u ses  t h e  o p t i c a l  i n t e r f e r e n c e  
The a n a l y s i s  i s  a genera l ized  

Materials 

The main f a c t o r s  which con t ro l  t h e  genera l  n a t u r e  
of c r a c k - t i p  s t r a i n  are (1) degree of  s t r a i n  hardening, 
shown by both experimental  and a n a l y t i c a l  r e s u l t s  and 
(2)  t h i ckness  of  t h e  experimental  specimen. For 
materials o f  low s t r a i n  hardening and a t  r e l a t i v e l y  lo\$ 
loads,  t h e  measured c rack - t ip  deformation tends  t o  be 
t h r e e  dimensional i n  c h a r a c t e r  and r e s t r i c t e d  i n  e x t e n t  
t o  about one specimen th i ckness  i n  t h e  d i r e c t i o n  normal 
t o  t h e  crack. 
broader ,  two-dimensional s t r a i n  d i s t r i b u t i o n s  r e s u l t  
with b e t t e r  c o r r e l a t i o n  with a n a l y s i s .  S t r e s s  d i s t r i -  
bu t ions  from t h e  a n a l y s i s  i n  t h e  area ahead of t h e  crack 
are a l s o  shown and tend  t o  support  t h e  s t r a i n  r e s u l t s .  

For h ighe r  hardening and a t  h ighe r  loads,  
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INTRODUCTION 

As part  of continuing programs of research i n  the authors$ respective 

ins t i tu t ions ,  experimental and analyt ical  s tudies  of s t r a i n  i n  the  v ic in i ty  

of a crack have been performed independently. 

compared. 

stresses and strains near a crack i n  a body under load. 

of crack-tip stress and strain states it should be possible t o  determine 

t h e  conditions under which a crack W i l l  propagate t o  fa i lure ,  

is useful  f o r  crack re la ted  fracture where the  material properties and 

specimen geometry combine t o  produce s ignif icant  p l a s t i c  deformation around 

a crack. 

yielding, the  p l a s t i ca l ly  deformed area around the  crack i s  large enough 

r e l a t ive  t o  specimen and crack dimensions so t h a t  l i nea r  e l a s t i c  analyses 

do not apply. 

The r e su l t s  were then 

The overal l  objective i s  t o  have the  capabi l i ty  fo r  predicting 

With t h i s  knowledge 

This approach 

F o r t h i s  type of behavior, often referred t o  as large scale 

Preliminary t o  detai led experimental and analyt ical  studies of s t r a ins  

i n  the  v i c in i ty  of a crack, t he  procedures must be developed fo r  making 

precise measurements and performing accurate calculations. 

along these l i nes  have been reported separately (1)(2)(3) f o r  a study tha t  

involved commercially pure copper. 

Ini t ia l  e f fo r t s  

The present paper reviews fur ther  e f fo r t s  

SUMMARY OF PROCEDURES 

Ikperimental crack-tip s t r a i n  dis t r ibut ions and deformation patterns 

have been obtained from edge cracked sheet specimens of 70-30 brass, 90-10 

brass, 6061-~6 aluminum, and 1018 steel, a l l  of standard commercial quality. 

The specimen configuration and coordinate system used are  shown i n  Figure 1, 

The experimental techniques a r e  opt ica l  interference, used t o  obtain the 
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I 
z direct ion s t r a i n  data and deformation patterns, and moire gr id  interference, 

used t o  obtain the  y direct ion strain data. 

technique is a single  beam, proof p la te  system using a thalium vapor l igh t  

source of 5350A wavelength, so t h a t  each interference fringe corresponds t o  

about a 10 microinch z direct ion displacement. 

6000 l i n e  per inch grating ruled on the  specimen and a 2000 l ine  per inch 

transparent master grating. 

met,hods are given i n  e a r l i e r  report9 (1)(2). 

a lso  similar t o  tha t  described i n  earlier workC2) e 

notched and fat igue cracked; 

during fatigue cracking; polished and ruled; 

with crack-tip data taken a t  several  loads, The dimersions, ameal ine 

The opt ica l  interference 

I 
The moire technique uses a 

Further d e t a i l s  of t he  s t r a i n  measurement 

The general t e s t  method is  

The specimens are  

annealed t o  remove ef fec ts  of deformation 

and then loaded in increments, 

texperature, and yield prcperties of the  specimens a re  shown i n  Table T. 

@ne exception t o  the experimertal procedure is the  lack cf an annealing 

treatment followinp fatigue cracking fo r  the aluminum specimens. Any 

effect ive anneal would a l so  have modified the a l loy  t o  a condition no 

longer representative cf any standard treatment. 

used f o r  fatigue cracking the aluminum was 8800 psi compared with 15,OcjO psi ,  

the  lowest applied stress f o r  the  crack-tip strain data reported, Thus, we 

believe t h a t  t he  pr ior  fa t igue cracking had no major e f fec t  on the  aluminum 

data  reported here. 

The maximum applied s t r e s s  

d 

h 

5 



EXPERIMENTAL 
LOAD I NG \\ 

ANALYTICAL 
LOADING 7 

+ \  

Y 

Figure I .  Specimen Configuration 

6 



TABLE I. TEST SpEcIME;NS 

# 

ix 

Specimen 

90-10 Brass 
R-1 
R-5 

70-30 Brass 
B-1 
B-11 

6061-T6 A l u m ,  
A l - 1  

A1-5 
~ 1 - 3  

1018 S tee l  
S-6 

Dimensions, inches 
b w, t - 

.99 .118 .27 

.99 .036 .26 

.98 ,081 .28 

.97 -032 .26 

.98 .052 .26 

099 e l l 4  

Anneal 

900°F 

900'F 

-- 

1600OF 

Prop. L i m i t  .1$ Yield 
ps i  p s i  

9,350 12,500 

16,100 17,200 

34,000 39,800 

--- 
The experimental specimen is loaded through 3/8 in ,  dia. holes located 

1.5 widths above the  crack as shown i n  Figure 1. To determine whether t h i s  

type of loading produces the  same stress f i e l d  around the crack as t h e  

uniform loading i n  the  analyt ical  work, a photoelastic model of the  specimen 

was  tes ted.  The r e su l t s  were compared with f i n i t e  element resu l t s  from t h e  

same crack geometry but with unifom s t r e s s  applied along the l i n e  one width 

above the crack. These results are  shown i n  Figure 2, as a plot of the 

principal stress difference versus distance across the  specimen. Data are 

shown along the  line ahead of the  crack where most of the subsequent data 

are shown and along a l i n e  above the  crack l i n e  where t h e  value of the 

pr incipal  stress difference is higher. The agreement obtained i n  both cases 

indicates t ha t  e l a s t i c  loading in the pin loaded specimen produces substan- 

t i a l l y  the same crack-tip stress f i e l d  as uniform e l a s t i c  loading. 

natively, it could be observed t h a t  t h e  crack dominates other features of 

Alter- 

the  geometry t o  the  point where d is t inc t ion  between the  t w o  types of had ing  

is not s ignif icant .  
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The analyt ical  procedures derive from a general formulation(k); i n  

The material  is the  present case generalized plane stress is  employed. 

presumed t o  y ie ld  according t o  the Uses c r i t e r ion  and work-hardening is  

incorporated. 

method, modified t o  allow f o r  elasto-plastic flow, 

reported earlier(51, and are not repeated here. 

The numerical technique is the  standard f i n i t e  element 

Some de ta i l s  have been 

It is  worth noting, however, 

t h a t  t h e  computer program accepts as input the actual  s t ress-s t ra in  curve 

of t he  material t o  be studied. 

d i rec t ly  in to  the analysis i n  as accurate a form as it may be obtained. 

Thus, the material behavior is incorporate 

This feature appears c ruc ia l  t o  meaningful comparisons between experiment 

and analysis (3) . 
DI~CUSSION OF EXPERIMENTAL RESULTS 

Figure 3 shows representative crack-tip p las t ic  deformation observed 

i n  1018 steel, '70-30 brass, 90-10 brass, 6061.7'6 aluminum. The specimens 

shown are Sd, B-1, R-1, A l - 1  respectively. The interference photographs 

were taken after load removal, with the loads chosen t o  produce about the 

same overal l  s i ze  of deformation zone. The interference fringes outline 

the  ri direct ion displacement around the  crack, They can also be interpreted 

as l i nes  of constant z strain averaged through the sheet thickness. From 

t h i s  type of data we have characterized the crack-tip p las t ie  deformation 

behavior of these materials as being a combinatPon of two basic deformation 

modes ,  a through-thickness shear mode and an in-plane extensional mode. 

The steel  sample i s  a good example o f t h e  shear mode i n  which 

the  p l a s t i c  deformation occurs as shear  deformation on a set of closely 

spaced planes inclined 45' t o  the plane of the  sheet and parallel with the 

9 



x axis. Thus, t he  shear deformation is three-dimensional i n  nature. 

geometry of t h e  deformation requires t h a t  the t o t a l  exLent of the  deformation 

area above and below the  crack be s l i g h t l y  greater  than t. T h i s  is  confirmed 

by the  steel results where the extent of the deformation zone above the  

crack only is about 0.7 t. The 90-10 brass specimen shows the  in-plane 

deformation mode which appears t o  be two-dimensional i n  nature, i.e., no 

change i n  the  deformation pat tern through the thickness, 

deformation i s  not r e s t r i c t ed  i n  extent by the specimen thickness, as can be 

seen by the  extended deformation pattern i n  the  90-10 brass. 

brass and the  aluminum show combinations of t he  two modes with the  shear 

mode dominant i n  the  70-30 brass and the in-plane mode becoming dominant i n  

t he  aluminum. 

The 

The in-plane 

The 70-30 

Based on the  analysis of the  r e su l t s  obtained thus far ,  it appears t ha t  

crack-tip deformation i n  t h i n  sheet depends t o  a la rge  degree on cer ta in  

features of the  uniaxial deformation behavior. The uniaxial  s t ress-s t ra in  

properties of the four materials studied are shown in Figure 4. 

character is t ic  of the  uniaxial data which a f f ec t s  t he  crack-tip behavior t o  

the  greatest  extent is the  s t r a i n  hardening exponent Ifnit corresponding t o  the 

early stages of yielding. This agrees with Cerberich' s observation(6) i n  

center-cracked sheet t ha t  strain hardening has a major influence on t h e  

nature of t he  p l a s t i c  zone. 

deformation i s  nearly pure shear for  the  s t e e l  which has an i n i t i a l  hardening 

exponent near zero; 

becomes more prevalent. 

t he  s t e e l  and the  70-30 brass a l so  has an e f fec t  on the  crack-tip deformation. 

It is possible t h a t  an e a r l y t r a n s i t i o n  as i n  the  70-30 brass causes the 

The 

Referring t o  Figures 3 and 4, t he  crack-tip 

for  materials with higher i n i t i a l  W1 the in-plane mode 

The abrupt t rans i t ion  from low t o  high "rill seen i n  

10 
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multi-fingered shear deformation observed in t h a t  material. 

of y ie ld  of t he  uniaxial  data seems t o  affect the  crack-tip behavior only 

i n  how c lea r ly  defined t h e  deformation zone appears as it forms, not i n  the 

shape and s i ze  of zone formed. 

secondalrg e f f ec t s  on the nature of the crack-tip behavior, The yield stress 

Will of course a f f ec t  the load level at  which p l a s t i c  deformation begins for 

a given specimen geometry. 

The sharpness 

Elas t ic  modulus and yield s t r e s s  have only 

The effects of material properties and specimen thickness on crack-tip 

behavior are shown i n  another way i n  Figure 5, which shows oblique l ight ing 

photographs of brass specimens, 

thickness-related shear deformation while the  90-10 specimen, R-5, shows an 

in-plane deformation pattern. 

of the 90-10 specimen is less than one-third t h a t  of t he  70-30 specimen, it 

nevertheless shows a broader deformation pattern. 

The 70-30 brass specimen, B-1, shows the  

It should be noted tha t  although the thickness 

Figure 6 shows after-load interference photographs from 70-30 brass 

specimen B-11. 

from predominantly shear deformation at  low load with a deformation zone 

about equal i n  s i ze  t o  t t o  the la rger  in-plane deformation pattern a t  

high load. 

i n  hardening exponent in 70-30 brass from n = 0.01 at  low s t r a i n  t o  n = 0,18 

at high s t ra in ,  i.e, , above 0.007 i n / h  (see Figure 4 ) .  This explanation is  

supported by the  r e su l t s  i n  tha t  for  the  l o w  load, with a z direction s t r a i n  

of about O,OOk ahead of t he  crack, a thickness re la ted  deformation zone i s  

formed. 

zone can s t i l l  be seen but with additional deformation occurring outside the 

zone. 

The deformation pat terns  could be explained by a t rans i t ion  

This t rans i t ion  i n  crack-tip behavior corresponds t o  the  change 

A t  the  intermediate load, with a s t r a i n  of aboat 0.012, the or iginal  

13 
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Detailed strain dis t r ibu t ion  data  from brass and aluminum specimens of 

various thicknesses are shown i n  Figures 7 through 12. As mentioned above 

t h e  experimental results are obtained from moirk and interference photographs 

of the  specimen and therefore derive from surface measurements. 

values reported are considered t o  represent uniform strain within the sample 

only i n  the  area more than about one thickness ahead of the crack and only 

when the  deformation zone is  large r e l a t ive  t o  t. 

have been shown f o r  comparison with those r e su l t s  considered valid.  

r e su l t s  corresponding t o  the  specif ic  specimen geometry, material properties 

and loading are  also shown. 

comparison with experimental data is included i n  the  next section. 

The s t r a i n  

Data outside these limits 

Analytical 

A discussion of t he  analyt ical  r e su l t s  and t h e i r  

Figures 7 and 8 are logarithmic p lo ts  of' y direct ion s t r a i n  dis t r ibut ions 

corresponding t o  samples of 90-10 and 70-30 brass respectively. In t h i s  and 

subsequent data the  experimental loads were prearranged t o  produce about the 

same gross applied stress levels i n  specimens of the  same materials. 

differences i n  the  data f o r  any given material  can be at t r ibuted t o  thickness 

effect .  

experimental data near t he  crack t i p .  

a lower negative slope and lower values of s t ra in .  

a t t r ibu ted  t o  thickness-direction constraint by the  unyielded material  behind 

the  crack on the  p l a s t i c  deformation ahead of  the  crack. The constraint  

would be expected t o  be greater  f o r  thick samples, and also fo r  low load 

data  in a given sample since the  deformed area is  smaller re la t ive  t o  thick- 

ness at  lower loads. 

Thus any 

For both the brasses the  main difference noted is  the  slope o f  the 

In  both cases the thicker  sample shows 

These e f fec ts  are 

Figure 9 shows z direct ion r e su l t s  from 90-10 brass specimens for  t w o  

of the same loads as the  r e su l t s  in Figure 7. Here, however, s t r a i n  data 

16 
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are shown which correspond t o  both at-load and after-load conditions. 

difference between the analytical data fo r  the  two loading conditions, 

i.e., t o t a l  s t r a i n  at load and p las t ic  component of s t ra in  a t  load, is 

approximated by the  r a t i o  of gross applied stress t o  e l a s t i c  modulus, 

The 

b(E = ?,,E. The difference i n  the  experimental data is much greater.  This 

could be explained i n  par t  by reverse p l a s t i c  deformation which is  believed 

t o  occur i n  the  experiment upon unloading, but is not included in  the 

analysis.  

focuses on the  unloading phenomenon. 

of our r e su l t s  in t h a t  t he  shape and magnitude of the z s t r a i n  dis t r ibut ions 

are  similar t o  those of t h e  y s t ra in  dis t r ibut ions (compare Figures 7 and 9 ) .  

We are planning further experimental and analyt ical  work which 

The a f t e r  load z data represent most 

A f i e l d  plot  of after-load z direction strain from experiment and 

The experimental data  are shown as an analysis is  shown i n  Figure 10. 

interference photograph of specimen R-1 where the  fr inges also represent 

contours of constant s t ra in .  

t he  Crack t i p  mdy be afi'ected by thickness constraint and also by the fac t  

t h a t  the  surface measurements do not alwws represect i n t e r io r  behavior. 

F i p r e  11 

As mentioned above the  experimental data near 

The next two figures show results from 6061-T6 aluminum; 

compares experimental data  from aluminum with 90-10 brass data, Figure 12 

shows experimental and analyt ical  data from two aluminum samples of 

different  thickness. The experimental data from aluminum are quite 

different  from the brass, showing a f a s t e r  drop off of s t r a in  away fromthe 

crack and a peak followed by a drop off near' the  crack. 

explained by the  increased tendency toward shear  deformation i n  the aluminum. 

The shear mode r e su l t s  i n  a more contained deformation zone s o  a f a s t e r  drop 

off  away from the  crack is expected. 

Both e f fec ts  can be 

Near the crack the  deformation is 

20 
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â  
i= 
Y 
V 
U 

IL 
0 

w 
I 

W 
V 
2 

v) 

Q 

8 

9 
a 

8 - 



concentrated on the shear planes above and below the crack so a lower s t r a i n  

is measured d i r ec t ly  ahead of the  crack, 

Figure 13 shcws an interference photo and an oblique l ight ing photo 

of aluminum specimen A1-3. 

t i p  which indicates t h a t  the deformation is concentrated on the shear planes. 

The interference photo shows tha t  away f romthe  crack the  deformation pattern 

spreads and becomes in-plane i n  nature. 

A l - 1 ,  t h e  only specimen t h a t  fractured before gross yielding, taken a f t e r  

f rac ture  with the specimen pieced together. On the  surface, the fracture  

appears t o  proceed along one of the  shear planes. 

apparent t ha t  the in t e rna l  f racture  of specimen Al-1 i s  i n  f ac t  a 45' shear 

type fracture.  

which is  similar t o  the  pr ior  crack-tip deformation i n  the  area near the 

crack. 

Both photos show a shaded area near the crack- 

Also shown is  a photo of specimen 

From Figure l.4 it is  

Thus, i n  t h i s  specimen fracture  occurs by a shear process 

INFORMATION FROM ANALYSIS 

I n  view of t he  two-dimensional character of the  analysis and the 

obviously three-dimensional nature of the deformation patterns observed i n  

t h e  1018 steel, we would not anticipate useful comparisons fo r  t h i s  material. 

Instead, a t ten t ion  was focused on the  two brasses and the  6061-T6 aluminum. 

The basis  fo r  comparison was selected t o  be the  dis t r ibut ion of strains 

along the  x-axis corresponding t o  the  experimental measurements discussed 

above. Such a basis  is sensi t ive t o  the overal l  performance of t he  analyt ical  

procedures. 

load, and f o r  a specified geometry and material, all the  basic elements of 

In  order t o  compute s t r a in  at  a given position, at a par t icular  

t h e  theory are involved.* 
~ 

*In contrast, one might consider an essent ia l ly  kinematic comparison. An 
example would be crack opening at a given deflection of a three-point bend 
specimen. 
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Experimentally, such s t r a ins  are obtained I l a t  load" and "after load", 

t h e  latter representing primarily the non-recoverable portion of the  t o t a l  

s t ra ins .  Analytically, one has both the t o t a l  strains at load and t h e i r  

p l a s t i c  components. The computer study was not set t o  unload the  specimen 

f o r  these cases. We believe it t o  be nonetheless reasonable t o  compare 

experimental and analyt ical  results under two conditions. The first is  a t  

load; t h e  second is after load (experimental) and the  p las t ic  components 

of t he  at-load strains (analytical.) . 
Such comparisons are shown i n  Figures 7-10 and 12 for  the two brasses 

and the aluminum, Examination of these data, as w e l l  as other resu l t s  

not presented, indicates  t ha t  the comparisons are reasonable although not 

perfect. The discrepancies tha t  do occur may be the  r e su l t  of  several  factors.  

F i r s t ,  there  are some respects in which the  physical specimen and the 

mathematical model do not correspond. For example, measurements a re  of 

surface behavior whereas the  analysis concerns thickness-averaged quantit ies;  

a l s o  t h e  actual  mode of yielding does not of necessity correspond t o  t he  

Mises cr i te r ion .  Second, the assumption of plane s t r e s s  i s  violated 

experimentally within about one p la te  thickness of t he  crack t i p .  It may 

be observed t h a t  the  comparisons are at t h e i r  worst a t  low loads when the 

extent of yielding is comparable t o  p la te  thickness and a s ignif icant  

transverse constraint  must surely develop. Third, previous experience 

suggests t h a t  the  s t ress-s t ra in  curve may not adequately represent actual  

(1)(2)(3) 

material behavior at  in i t ia l  yielding around the  crack. This could resu l t  

f romthe  annealing process not f u l l y  removing the  effects of fatiguing which 

would i n  turn  cause poor comparisons at  low load. 
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In  any case, we are encouraged by the  overal l  qual i ty  of the  comparisons. 

O f  par t icu lar  i n t e r e s t  i s  the  slope of the  logarithmic plot of s t r a i n  versus 

distance since it is a good overal l  indication of both experimental and 

analytical data. The exponent m i n  the  expression : 

= const. (x - b)m 

serves both t o  measure t h i s  slope and t o  summarize t h e  data. 

determined t h i s  exponent from high load data a t  0.1 inch ahead of  the crack 

t i p ,  

We have 

These values are shown i n  Table I1 along with values predicted by 

H u t c h i n ~ o n ( ~ )  i n  another analysis. In tha t  analysis t he  resu l t s  include 

e f fec ts  of work hardening and exclude the e l a s t i c  component of s t r a i n ,  

TABLE 11. SLOPES OF (Y) STRAIN DISTRIBUTION 

Hut chinson 

.118 - .57 

e 1 2 3  - e4.3 

061-T6 ALUMINUM 
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but they are r e s t r i c t ed  t o  small scale yielding. Thus, one might expect 

t ha t ,  although t h e  analytical predictions follow the  trend of the experiraents, 

the  numerical results are a be t t e r  representation of t he  physical observations. 

It is also c lea r  t h a t  measurements from thinner specimens correlate  be t te r  

with the  numerical results. 

Finally, we include some data  from the  numerical analysis showing stress 

dis t r ibut ions along the  x axis. I n  Figure 15 are shown the  </ 8 and 

r/e dist r ibut ions corresponding t o  specimen R-5 f o r  p= loo0 (no 

yielding) , 10,900 and 13 ,OOO psi.  

f o r  reference. 

stress gradient is first attenuated as yielding progresses, as would be 

expected. 

near the crack t i p  is regenerated, achieving the or ig ina l  level.  

Also shown is  a l i n e  of slope = - 1/2 

Fromthese and other data  it is  c l ea r  t h a t  the steep e l a s t i c  

Eventually there  comes a point a t  which the  s t r e s s  concentration 

Such 

behavior can be b e t t e r  seen in  Figure 16 where s t r e s s  concentration ju s t  

ahead of the crack is plot ted against applied stress. The ini t ia l .  sharp 

reduction mentioned above and reported previously(5) is evident ; a lso  seen 

is the  increase i n  stress concentration at higher loads. It appears l i k e l y  

t h a t  t h i s  reconcentration is a r e su l t  of growing s t r a ins  i n  the v i c in i ty  of 

t he  crack t i p .  

curve, t he  strain increase leads t o  stress reconcentration. 

of course, is not d i rec t  because only octahedral (or  equivalent) quant i t ies  

follow the  curve, whereas the  data  are presented i n  terms of highly direc- 

t i o n a l  components. 

a clearer  picture  of yielding near a crack t i p .  

Since t h e  material is forced t o  follow the s t ress-s t ra in  

The connection, 

S t i l l ,  t he  qual i ta t ive behavior may be traced t o  provide 
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Related results are  shown f o r  A1-3 i n  Figures 17 and 18. Comparison 

of Figures 16 and 18 shows t h a t  the analysis fo r  A1-3 extended about one 

half  as far as t h a t  f o r  R-5 i f  it is permissible t o  scale  such data on the  

basis  of proportional l imit .*  

A s  might be anticipated, the  stress gradient ahead of the  crack t i p  is 

sharpened s l i g h t  at 8 =  7980 psi ,  the  load which corresponds t o  the  peak i n  

Figure 18. No similar load, i.e., corresponding t o  very ear ly  yielding, was  

shown f o r  the brass. 

the gradient and the  stress concentration as was  seen with the brass. Indeed, 

Figure 17 suggests t ha t  there  i s  almost no stress gradient ahead of the crack 

i n  the  aluminum at the higher load. For the  most part ,  t h i s  sort of behavior 

is explicable i n  terms of stress concentration reduction through yielding 

and a simple force balance across the net specimen width. 

concentration i s  observed i n  the  aluminum specimen, probably due t o  t h e  lower 

applied stress ( r e l a t ive  t o  proportional l imi t )  and t h e  lower s t r a i n  harden- 

ing exponent. 

CONCLUDING REMARKS 

A s  yielding progresses, there  is a reduction i n  both 

No s t r e s s  re- 

The work reported above is  by no means considered t o  be conclusive; the 

final word i n  t h i s  area has cer ta inly not been written. 

describing progress of our own e f fo r t s  t o  provide posit ive interact ion between 

theory and experiment, 

basis  for  comparing results f romthe two sources can be established. 

comparisons obtained thus far are encouraging i n  many respects. 

Rather, we are 

A t  t h i s  stage, we are confident t h a t  a reasonable 

The 

I n  peneral, 

t he  data  follow similar and understandable trends. Such differences as do 

* 

*Alternatively one might use other measures of departure from e l a s t i c i t y  such 
as an of fse t  yield stress. The proportional limit i s  used here because it is  
a quantity more appropriate t o  the analysis. 
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occur remain t o  be investigated, and the  requis i te  research seems t o  require 

a t tent ion t o  two main points. The first is  a more accurate characterization 

of t h e  material properties, both i n  the  experimental measurement and in the 

manner i n  which t h e  properties are included in the analysis. The seccnd i s  

increased accuracy and resolution of t h e  theoret ical  and experimental 

m e t  hods. 

One further point we would l i k e  t o  emphasize is t h e  problem of comparing 

analyt ical  r e su l t s  from a two-dimensionalmodel with resu l t s  from experi- 

m e R t  which must be obtained from a three-dimensional specimen. 

presented herein clearly indicate t h a t  such three-dimensioEa1 aspects as 

thickness constraint and through-thickness shear deformation cannot be 

ignored. 

The resu l t s  

However, t h e  resul ts  do indicate t h a t  i n  some cases the  thickness 

effects are small. 
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3. ABSTRACT 

The na tu re  and some d e t a i l s  of t h e  e l a s t o - p l a s t i c  s t r a i n  d i s t r i b u t i o n  ahead 
of t h e  crack t i p  i n  an edge-cracked shee t  has been determined by experiment and ana lys i  
The experiment uses  t h e  o p t i c a l  i n t e r f e rence  and moire techniques.  The ana lys i s  is a 
genera l ized  p lane  stress model using t h e  f i n i t e  element method; t h e  measured uniax ia l  
s t r e s s - s t r a i n  p rope r t i e s  of t h e  materials are used as input  t o  t h e  ana lys i s .  
i nves t iga t ed  by one o r  both methods are 1018 steel, copper, 90-10 and 70-30 brass ,  and 
6061-T6 aluminum. 
ana lys i s  have been made f o r  those  with no d i scon t inu i ty  i n  un iax ia l  behavior;  copper, 
90-10 brass ,  and aluminum. 
s i g n i f i c a n t l y  a f f ec t ed  by how well t h e  ea r ly ,  un iax ia l ,  y i e l d  p rope r t i e s  used i n  t h e  
ana lys i s  r ep resen t  t h e  a c t u a l  p rope r t i e s  of  t h e  experimental  specimens. 

The main f a c t o r s  which con t ro l  t h e  general  na tu re  of c rack- t ip  s t r a i n  are (1 
degree of s t r a i n  hardening, shown by both experimental and a n a l y t i c a l  r e s u l t s  and (2) 
th ickness  of t h e  experimental specimen. For materials of low s t r a i n  hardening and a t  
r e l a t i v e l y  low loads,  t h e  measured c rack- t ip  deformation tends t o  be t h r e e  dimensional 
i n  cha rac t e r  and r e s t r i c t e d  i n  ex ten t  t o  about one specimen thickness  i n  t h e  d i r e c t i o n  
normal t o  t h e  crack. For higher  hardening and at h igher  loads,  broader,  two-dimensiona 
s t r a i n  d i s t r i b u t i o n s  r e s u l t  with b e t t e r  c o r r e l a t i o n  with ana lys i s .  Stress d i s t r i b u t i o n  
from t h e  a n a l y s i s  i n  t h e  area ahead of t h e  crack are a l s o  shown and tend t o  support  the 
s t r a i n  r e s u l t s .  

Materials 

O f  t hese  materials, meaningful comparisons between experiment and 

The agreement between experiment and ana lys i s  can be 
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